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ABSTRACT
Aircraft laminar 
ow control (LFC) from the 1930's through the 1990's is reviewed
and the current status of the technology is assessed. Examples are provided to
demonstrate the bene�ts of LFC for subsonic and supersonic aircraft. Early studies
related to the laminar boundary-layer 
ow physics, manufacturing tolerances for
laminar 
ow, and insect-contamination avoidance are discussed. LFC concept stud-
ies in wind-tunnel and 
ight experiments are the major focus of the paper. LFC
design tools are brie
y outlined for completeness.

1. INTRODUCTION

This overview will review the current state-of-the-art in laminar 
ow control

(LFC). LFC research began in the 1930's and 
ourished through the 1960's

when it was de-emphasized due to reprioritization of national priorities. Dur-

ing the 1970's when the OPEC embargo caused a fuel shortage and high-cost

fuel, LFC research became important again because of the aerodynamic per-

formance bene�ts it could potentially produce for commercial aircraft. The

next 20 yrs of research had resulted in numerous signi�cant achievements in

both the wind tunnel and 
ight in the United States and Europe.

1.1. What is Laminar Flow Control?
What is LFC? LFC is an active boundary-layer 
ow control technique (usually

steady suction) employed to maintain the laminar 
ow (LF) state at chord

y The United States Government has the right to retain anonexclusive,
royalty-free license in and to any copyright covering this paper.
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Reynolds numbers beyond that which is normally characterized as being tran-

sitional or turbulent in the absence of control. Understanding this de�nition

is an important �rst step toward understanding the goals of the technology.

Often, one mistakenly assumes that LFC implies the re-laminarization of a

turbulent 
ow. These are two di�erent 
ow physics phenomena and although

the same control system may be employed for both problems, the energy

requirements for re-laminarization could typically be an order of magnitude

greater than that required for LFC. Finally, LFC is a capability that is de-

signed to bene�t the aircraft during cruise.

A signi�cant advancement made in the development of LFC technology is

the concept of hybrid laminar 
ow control (HLFC). HLFC integrates the con-

cepts of natural laminar 
ow (NLF) with LFC to reduce suction requirements

and reduce system complexity (Figure 1). NLF employs favorable pressure

gradient to delay the transition process, is sweep limited, and usually has

poor o�-design cruise aerodynamic performance. LFC is complex, involving

suction (and ducts, 
utes, and pump power) over the whole wing chord (or

engine nacelle). The key features of HLFC are (a) suction is required only

in the leading-edge region ahead of the front spar, (b) NLF is obtained over

the wing (aft of front spar) through proper tailoring of the surface geome-

try (favorable pressure gradient), and (c) the HLFC wing design has good

performance in the turbulent mode.

1.2. What are the bene�ts of Laminar Flow Control?
Thibert et al (1990) have shown that skin-friction drag could amount to about

50% of the total drag for a subsonic transport aircraft, which is a function of

the aircraft size. Since laminar skin friction can be as much as 90% less than

turbulent skin friction at the same Reynolds number, it is obvious that LF

would be more desirable than turbulent 
ow for reducing the drag of aero-

dynamic vehicles (except in recovery regions where the pressure drag penalty

of boundary-layer separation is severe). Unfortunately, achieving LF over

the entire con�guration is impractical because of the sensitivity of the LF to

external and vehicle disturbances. However, drag reduction due to LF over

select portions of a vehicle are achievable.

For an aircraft, the wings, engine nacelles, fuselage nose, and horizontal

and vertical tail are candidates for achieving LF. Although the summation of

the drag reduction from each individual component would indicate a bene�t

due to LF, the maximum/optimal bene�ts of LFC are achieved by utilizing

the bene�ts of LF to reduce the size of the aircraft. These LF bene�ts in-

clude reductions in take-o� gross weight (TOGW), operating empty weight

(OEW), block fuel (BF) for a given mission and increase in cruise lift-to-drag

ratio (L/D). Associated bene�ts may include reductions in both emissions

(pollution) and noise.
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For an advanced subsonic transport, Arcara et al (1991) projected 1995

technology improvements into a HLFC design. With 50% chord LF on the

upper wing surfaces and horizontal and vertical tails and 40% on the engine

nacelles, the LFC aircraft would have projected reductions in TOGW of 9.9%,

OEW of 5.7%, and BF of 18.2% and an increase in L/D of 14.7% compared

to the turbulent baseline. Robert (1992) discussed the potential bene�ts of

HLFC applied to Airbus A320 and A340 subsonic transports. For the A320

with a range of 500 nm (nautical miles), cruise represented only 35% of the

total fuel burn while for the A340 with a 3000 nm, cruise represented 80% of

the total fuel burn.

Because LFC is a cruise technology, the A340 would bene�t more from the

application of LFC than the A320. Using HLFC over the �rst 15% to 20%

chord for the A340, a potential drag reduction of 14% could be obtained using

LF concepts on the wing, horizontal tail, vertical tail, and nacelles.

Boeing (1990) and McDonnell Douglas (Powell et al, 1989) assessed the

bene�ts of using supersonic laminar 
ow control (SLFC) for an advanced

supersonic transport designed to carry 247 passengers at Mach 2.4 over a

distance of 5000 nm. With LF covering 40% of the wing wetted area and 20%

of the empennage, reductions in TOGW, OEW, and BF of 8.5%, 6.2%, and

12.0%, respectively, were projected with the LFC transport compared to the

turbulent supersonic aircraft (Boeing: NASA CR 181917, 1990).

Aerodynamic performance bene�ts bought by skin-friction drag reduction

can translate into reduced operating costs of an aircraft. Arcara et al (1991)

have brie
y discussed the impact of fuel cost on the LFC bene�ts. Essentially,

a projected reduction in direct operating cost of 5.8%was achieved with HLFC

for fuel costing $0.65 per gallon, while HLFC led to an 8.8% reduction in

operating cost for higher priced fuel at $2 per gallon. In addition to fuel

savings and reduced emissions and noise, LFC leads to a reduced aircraft size

because of the reduction in fuel; this should lead to reductions in the total

aircraft operating costs.

1.3. Content of This Paper
The goal of this paper is to review the status of LFC technology. Early

studies related to boundary-layer 
ow physics, manufacturing tolerances for

LF, insect-contamination avoidance, and slot-, porous-, and perforated suction

LFC studies in wind-tunnel and 
ight experiments are discussed. Tools for

LFC aerodynamic design are included for completeness. More attention is

given to recent wind-tunnel and 
ight tests that demonstrate multiple facets

of LFC.

Because of the brevity of this article and the rich nearly 60-yr history of

LFC and LFC-related research, the literature cited here is subjectively limited.

For a thorough review of research related to LFC, refer to bibliographies by
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Bushnell & Tuttle (1979) and Tuttle & Maddalon (1993), to overview papers

by Hefner (1992), Wagner et al (1988), and Collier (1993) and to a historical

perspective of LFC (Joslin 1998).

2. LAMINAR FLOW CONTROL DESIGN

METHODOLOGY

For an LFC design (a wing for example), the analysis begins by de�ning an

initial wing geometry. With wing geometry de�ned, the wing pressures and

velocities can be obtained using transonic wing theory and/or computational


uid dynamics (CFD). The inverse approach of prescribing a target pressure

distribution and solving for the wing geometry is then utilized. After obtain-

ing the external 
ow-�eld for the �nal geometry, boundary-layer and stability

theory calculations are used to determine the suction 
ow rates and distribu-

tion for the desired transition location. With the suction 
ow rate determined

from boundary-layer stability considerations, the pressure drop through the

skin must be set to obtain a reasonable sub-surface compartmentation scheme

and perforation spacing distribution for the desired suction distribution. The

process is iterative until an acceptable design is obtained. Finally, the suction

system ducting and compressor speci�cations are prescribed.

Besides the design procedure, other key information that must be under-

stood for LFC design include: (a) the physics associated with the laminar to

turbulent boundary-layer transition process, (b) impact of surface tolerances{

roughness, waviness, steps, and gaps{on LF extent (required for manufactur-

ing), (c) slot suction, porous, and perforated suction and thermal LFC, and

(d) issues relating to manufacturing LFC articles, and (e) the methodology

and limitations of transition prediction (determining LF extent for projecting

bene�ts to aircraft). These issues are covered in this section.

2.1. Boundary-Layer Flow Physics
A brief summary of the boundary-layer 
ow physics follows. For more com-

prehensive discussions of viscous 
ow physics refer to Bayly et al (1988), Reed

& Saric (1989), and Kachanov (1994).

The �rst major theoretical contributions to the study of boundary-layer

transition were made in the late 1800s and early 1900s. After these early

contributions, Tollmien (1926) and Schlichting (1932) discovered convective

traveling-wave instabilities now termed Tollmien-Schlichting (TS) instabili-

ties, and Liepmann (1943) and Schubauer & Skramstad (1947) experimentally

con�rmed the existence of these TS waves.

In addition to TS-disturbance dominated transition, LFC applications must

account for a dynamic instability, termed the cross
ow (CF) disturbance.
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The 
ow becomes unstable due to an in
ection point in the spanwise velocity

component. As shown by Anscombe & Illingworth (1952), CF-disturbances

are characterized by corotating vortices. At a critical speed (or Reynolds

number), \striations" in the surface 
ow visualizations appear and as the

speed of the free-stream continues to increase the transition location moves

forward.

The presence of TS and CF disturbances in the boundary-layer 
ow is de-

pendent on the pressure gradient and on the wing sweep angle. Based on

numerous investigations (e.g., Anscombe & Illingworth, 1952), our under-

standing of the role of sweep and pressure gradient on transition indicates

that TS disturbances dominate transition for wings with sweeps 0o through

about 25o. If the design pressure gradient is more favorable (accelerating


ow), longer runs of LF can be realized because the growth of the TS dis-

turbance is suppressed, while the opposite e�ect is realized with an adverse

pressure gradient. For wing sweep angles greater than 25o, both TS and CF

disturbances can dominate transition, and much of the 
ow physics associated

with the nonlinear interaction of these modes is unknown. For greater than

30o to 35o wing sweeps, CF disturbances dominate transition{often very near

the wing leading edge. Therefore, wing design should minimize the growth of

these disturbances to enable long runs of LF.

In addition to TS and CF disturbances which lead to transition over the

wing chord, attachment-line instabilities are possible and can cause transi-

tion in the leading-edge region. As the many 
ight experiments have shown,

maintainingNLF on the attachment line is attainable by keeping the Reynolds

number below some critical value; the Reynolds number can be lowered by

reducing sweep, leading-edge radius, or unit Reynolds number. Decreasing

the leading-edge radius has a compounded bene�t of decreasing the chord-

wise extent of the cross
ow region and providing a more rapid acceleration of

the 
ow over the wing. Turbulence (or attachment-line contamination) from

the fuselage turbulent boundary-layer 
ow can sweep out onto the attachment

line and cause the entire wing to be engulfed in turbulent 
ow. However, a

turbulence diverter such as Gaster's bump (1965) can be e�ectively used to

establish a LF attachment line, allowing the potential for LF on the wing. As

an alternative, strong suction can be used at the fuselage/wing juncture to

re-laminarize the 
ow on the attachment line (Pfenninger 1965). Some of the

major 
ight experiments have shown the necessity for one of these devices to

achieve LF.

Additionally, a turbulent wedge, originating at the fuselage/wing leading-

edge juncture, can sweep out over a portion of the wing root region to decrease

the LF bene�ts. Clearly, one would attempt to optimize the fuselage/wing

juncture point to cause this wedge to cling to the fuselage as much as pos-

sible, thereby enabling LF in a region close to the fuselage. No study which
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has investigated the potential instability of the interface between a turbulent

wedge and LF over a wing could be found for this review.

2.2. Manufacturing Tolerances

As discussed by Jones (1938), investigations in the 1930s recognized that

small roughness and waviness at high Reynolds numbers could reduce the LF

extent. The stringent surface smoothness and waviness criteria (tolerances)

for LF posed a major challenge for research in the 1950s and 1960s. A partial

explanation for the de-scope of subsonic LFC in the 1950s was attributable to

the severe surface manufacturing tolerances required to achieve LF. However

the 1990s manufacturing technologies have matured to the point that surface-

de�nition tolerances are readily achievable. A thorough review of the surface-

tolerance issues is described by Carmichael (1979) and Holmes et al (1985);

the current understanding is summarized in this section. For LFC design,

Braslow et al (1990) gives formulae for manufacturing tolerances.

Flight and wind-tunnel tests have provided our current understanding of

the mechanisms which cause transition to move forward due to surface imper-

fections. The impact of a surface imperfection (such as a rivet head) on the

transition location can be viewed either by looking at the transition location

as a function of imperfection size for a �xed unit Reynolds number or by keep-

ing the size of the imperfection �xed and looking at transition location as a

function of unit Reynolds number. In either case, the imperfection stimulates

eigenmodes in the boundary layer; the linear stability of the 
ow dictates

whether these modes will grow or decay as they evolve in the 
ow. However,

as the height of the imperfection or unit Reynolds number increases, a point

is reached when 
ow separation occurs due to the surface imperfection. At

this point, inviscid instability arising from the in
ectional velocity pro�le can

grow and induce transition. Or if the imperfection is su�ciently large, lin-

ear instability ampli�cation is "by-passed" and transition follows by-way-of a

nonlinear process. Finally, our current understanding of imperfections suggest

that larger critical step heights can be realized using rounded steps because

a reduced region of separation and reduced in
ectional instability growth are

encountered in the experiments.

Based on our understanding of the 
ow physics associated a surface imper-

fection, we summarize that (a) a local separation region due to the surface

imperfection can induce transition, (b) the local adverse pressure gradient

due to the surface imperfection could cause ampli�cation of TS disturbances

and decrease the LF extent, (c) the bene�cial stabilizing in
uence of com-

pressibility on TS disturbances overcomes the the detrimental increase in the

amplitude of the pressure disturbance caused by compressibility near the sur-

face imperfection, (d) the critical wave height decreases with increased number
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of waves, waves, and (e) forward-facing rounded steps can increase the the

critical step height compared with forward-facing square steps.

This section ends with a brief mention of innovative tools which are used

to estimate the in
uence of a surface imperfection on LF extent. Masad

(1996) has shown that interacting boundary-layer theory (which accounts for

viscous-inviscid interaction) coupled with linear stability theory can be used to

parameterize allowable surface imperfections for maximizing LF extent while

minimizing constraints put on manufacturing.

2.3. Suction and Thermal Laminar Flow Control
Investigations to obtain LF with the slot-suction LFC concept began in the

late 1930s and continued into the 1980s. Zalovcik et al (1944) with a B-18,

Groth et al (1957) with a F-94, Whites et al (1966) and Fowell & Antonatos

(1965) with the X-21 and Maddalon & Braslow (1990) with the Jetstar showed

that large regions of LF could be realized in 
ight using slot-suction LFC.

Pfenninger et al (1957) and Bobbitt et al (1992) showed that full-chord LF

could be achieved in the wind-tunnel using slot-suction.

In the late 1950s and early 1960s, a series of supersonic LFC wind-tunnel

experiments by Gross et al (1964) and Groth et al (1965) reported the achieve-

ment of full-chord LF up to chord Reynolds numbers of 20 to 29� 106 using

slot-suction. For example, Groth et al (1965) showed that full-chord LF on

36o and 50o swept wing slot-suction models led to skin-friction and drag re-

ductions using LFC.

Finally, Gregory (1961) reviewed the status of suction surfaces for LFC ap-

plications and pointed out that as a wing was swept a loss of slot e�ectiveness

occurred, especially near the leading edge region. The advantages of a wholly

porous (or perforated) suction surface became pronounced for LFC applied to

swept wings.

In the 1940s, full-chord LF was achieved using porous-suction on a wing

model as described by Burrows et al (1949) and Braslow & Visconti (1950).

Head et al (1955) obtained full-chord LF in 
ight using porous suction located

from 6%-98% chord on a Vampire III aircraft wing. In these early wind-tunnel

and 
ight tests, suction was achieved through a porous-material skin which

covered the model.

As noted in the discussion of perforated-suction LFC by Saric (1985),

threshold design parameters of size, spacing, geometry, and inclination of

the holes and the suction level and distribution can introduce streamwise vor-

ticity in a boundary layer, potentially inducing transition. Although there is

no design tool available today which completely accounts for the impact of

each parameter, progress is being made to understand the in
uence of each

parameter on the 
ow.

One of �rst fundamental experimental studies on critical suction through
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isolated holes and a row of holes was reported by Goldsmith (1955, 1957).

Minimumand maximumsuction values were determined; below or above these

critical values, the 
ow was turbulent. The critical suction was a�ected by

the hole diameter, the hole spacing, and the boundary-layer thickness. In the

later report it was noted that the action of vortices from holes in di�erent

rows could lead to horse-shoe vortices, which then led to turbulence. This

undesirable 
ow phenomena can happen with lower suction compared with

the isolated hole or row of holes.

Meitz & Fasel (1994) used a Navier-Stokes solver to study the unsteady


ow �eld adjacent and downstream of suction holes. In agreement with the

Goldsmith experiments, the simulations showed that low suction through the

holes generated a pair of vortices which decayed with downstream distance.

As the suction increased to some critical value, the vortices became unstable.

Larger suction led to vortex shedding at the suction hole location.

MacManus & Eaton (1996) performed three-dimensional (3D) Navier-Stokes

simulations of suction through holes to study single and multiple rows of holes.

The simulations showed that (a) irregularities of the hole shape had minimal

e�ect on the induced 
ow, (b) it was undesirable to have holes inclined to the

surface, (c) the 
ow �eld at the hole inlet was highly 3D, (d) the pressure drop

and mass-
ow rate were insensitive to the hole inlet shape, and (e) signi�cant

inter-hole 
ow �eld e�ects existed for multiple rows of holes. In companion

experiments, MacManus et al (1996) used LDV to show that the suction hole-

induced 
ow was highly 3D and could lead to premature transition when large

suction was used.

Besides the suppression of disturbance growth by suction, cooling (in air)

can be used to suppress disturbances (Dunn & Lin, 1953). As shown by

Boeing (1990) cooling has a larger impact on TS disturbances and only a

subtle in
uence on CF disturbances; hence, cooling would not be used in the

leading-edge region of swept wings for CF stabilization.

LFC concepts of the future must trade-o� the bene�ts of various boundary-

layer control concepts, including HLFC suction on the leading edge with either

strips of perforated-suction control or thermal control on the wing roof-top

region. Furthermore, reducing the costs associated with manufacturing (and

maintaining) these systems will be a primary driver in the the acceptance of

LFC on a future aircraft.

2.4. Manufacturing Capabilities
In the early years of airplanes, thin metal skins, multiple spanwise stringers,

and countless fasteners (e.g., rivets) on the surface prevented achieving LF

without hand-�lling and sanding the surface. With the advent of bonded-

sandwich construction methods, the production surface structure became suf-

�ciently sti� that under loads adequate waviness criteria should be maintain-
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able (in subsonic/transonic aircraft). Hence, the production capability in the

1990s has solved (in principle) the task of manufacturing LF-quality surfaces.

For the manufacturing process, Schwab (1992) discussed electron-beam

drilling for creating holes in a surface for suction LFC. Using this method,

some 3000 holes per second could be generated in stainless steel sheets 0.5

and 1.0 mm thick with hole diameters as small as 0.04 mm and 0.06 mm,

respectively. Cross sections of the drilled holes indicated that the upper most

part of the drilled holes were 2-2.5 times larger in diameter than the exit di-

ameter, with the exit of the hole being absolutely burr-fee and round. The

Jetstar (Powell 1987) used this technique for generating a perforated-suction

surface.

Laser-drilled holes are an alternative to the electron-beam process. The

B-757 (Collier, 1993) and F-16XL (Norris 1994) LFC 
ight test articles have

been generated with lasers. The F-16XL SLFC glove had a titanium skin

with laser-drilled holes; the laser produced holes with characteristics similar

to the electron-beam (Norris 1994). However, Poll et al (1992) and Buxbaum

& H�ohne (1996) observed that laser-drilled holes had a random variety of

shapes with no distinct characteristic diameter.

In summary, LFC slot-, porous-, and perforated-suction concepts have been

demonstrated in wind-tunnels and 
ight experiments and thermal LFC was

been shown e�ective in computations. State-of-the-art manufacturing pro-

cesses (e.g., electron-beam or laser drilling) have been demonstrated for the

fabrication of perforated-suction surfaces. With the exception of the Jetstar

LFC 
ight test, little understanding of the potential degradation of the per-

forated structure with time is available in the literature. The Jetstar LFC


ight experiment showed no degradation of the system after nearly four years

of operations (Maddalon & Braslow 1990).

2.5. Transition Prediction Design Tool Methodology
The LFC design of an aircraft requires an accurate prediction of the amount of

LF (the transition location) or the accurate prediction of suction distribution

for a given target transition location. This section describes the conventional

and advanced transition prediction tools, some of which include prediction of

perturbations to the laminar boundary layer, the spectrum and amplitudes

of these perturbations, and the linear and nonlinear propagation of these

perturbations which ultimately leads to transition.

GRANVILLE CRITERION: Granville (1953) developed an empirical criterion

for determining the transition location for 2D TS-dominated 
ows. Granville

showed that a variety of 
ight and low-turbulence wind-tunnel data collapsed

into criterion (curve) based on the di�erence between the momentumthickness

Reynolds number at transition and at the neutral point correlated with an

average pressure gradient parameter. As shown by Holmes et al (1983), this
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transition-prediction correlation is quite accurate for TS-dominated transition

on a 2D NLF wing.

C1 AND C2 CRITERIA: Along the approach of the Granville criterion, Arnal

et al (1984) developed transition criterion referred to as C1 and C2. The

C1 criteria involves a correlation of transition onset integral values of the

cross
ow Reynolds number and the streamwise shape factor. The C2 criteria

is a correlation of transition onset with a Reynolds number computed in the

direction of the most unstable wave, the streamwise shape factor, and the

free-stream turbulence level.

LINEAR STABILITY THEORY: The ability to predict transition based on

the disturbance ampli�cation came in the 1950s with the empirical method

by Smith (1956), Smith & Gamberoni (1956), and van Ingen (1956). This

transition-prediction method{called eN or N-factor method{correlates the

predicted disturbance growth with the measured transition location. Hence,

although the N-factor method is limited to the calibration of available experi-

mental data, the method is the main tool in use through the 1990s. The use of

linear stability theory is summarized in the recent review by Reed et al (1996)

and additional discussion focusing on the theoretical and computational as-

pects of transition prediction and LFC are provided by Cousteix (1992) and

Arnal (1994).

According to the conventional normal mode assumption used to derive the

Orr-Sommerfeld equation, the eigensolutions take the form.

� = �̂(y)ei(�x+�z�!t) (1)

where i =
p�1 and �̂ is the disturbance pro�le. With the mean 
ow available,

a stability problem has to determine 6 unknowns: �r; �i; �r ; �i; !r; and !i,

which are the streamwise wavenumber and growth rate, spanwise wavenumber

and growth rate, and wave frequency and temporal growth rate. Either spatial

or temporal stability analysis may be performed, whereby the temporal analy-

sis is less expensive and the spatial analysis is more physical. For the temporal

formulation, � and � are real numbers and ! is a complex number which is

determined by solving the stability equations. The temporal approach was

used by Srokowski & Orszag (1977) in the SALLY code and later by Malik

(1982) in the COSAL code. The spatial formulation is more representative

of the real boundary-layer 
ow; the frequency (!r) is speci�ed, !i = 0, and

f�r; �i; �r; �ig are parameters to be determined. While an eigenvalue anal-

ysis will provide two of these values, additional criteria must be speci�ed to

determine the remaining two parameters. Arnal (1994) discussed approaches

available to determine the two free parameters for 3D disturbances.

Upon solving the eigenvalue problem, integrations are made from the neu-

tral point (s0) to the transition point (s1) where the N-factors are correlated

with the experimental database. The N-factor parameter of interest is de�ned
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as

N =

Z s1

s0


ds (2)

where 
 is the characteristic growth rate of the disturbance. Hence, the

methodology is critically dependent on the �delity of the experimental database.

By correlating this N-factor with many transition cases, the ampli�cation fac-

tor for which transition is expected for similar 
ow situations can be inferred.

This criteria is then used to determine the LF extent during LFC design.

In a discussion of the application of linear stability theory (and eN method)

in LFC, Malik (1987) described both the incompressible and compressible

methodology. Transition in the later portion of a wing was shown to correlate

N-factors with 9-11. For transition near the leading edge of a wing, the

stabilizing e�ects of curvature must be included to arrive at N-factors of 9-11.

Finally, Hefner and Bushnell (1980) looked at the status of linear stability

theory and the N-factor methodology for predicting the transition location.

They noted that a main feature lacking in the methodology was the inability of

the method to account for the characterization of the instabilities perturbed

in the boundary layer. This shortcoming in the N-factor methodology has

inspired the development of more advanced transition prediction methods,

which include additional boundary-layer 
ow physics.

PARABOLIZED STABILITYEQUATIONTHEORY:Herbert(1991) and Bertolotti

(1992) proposed a new methodology based on a system of parabolized stabil-

ity equations (PSE). The PSE method accounts for the in
uence of surface

curvature and boundary-layer growth on the ampli�cation of disturbances.

Individual modal evolutions or the nonlinear interaction of modes can be

computed with PSE theory. The PSE system assumes that the dependence

of the convective disturbances on downstream development is negligible and

that no rapid streamwise variations occur in the wavelength, growth rate, and

mean velocity and disturbance pro�les. Assuming periodicity in the spanwise

direction and time, the PSE disturbance takes the form

� =

NzX
m=�Nz

NtX
n=�Nt

�̂m;n(x; y)e
i(
R
x

xo

�m;ndx+m�z�n!t)
(3)

where Nz and Nt are the numbers of modes retained in the truncated Fourier

series. The convective direction has been decomposed into a fast-oscillatory

wave component and a slowly-varying shape-function component, �̂, which

is a function of x and y. Note, the disturbance pro�le in Equation 1 was

a function of y only and led to ordinary di�erential equation, while partial

di�erential equations describe the shape function for PSE theory. After the

initial values of �n;m are selected, a sequence of iterations is required during
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the streamwise marching procedure to satisfy the shape-function equations at

each streamwise location.

Joslin et al (1993) and Pruett & Chang (1995) have shown that PSE so-

lutions agree with direct numerical simulation (DNS) results for the case of

incompressible 
at-plate boundary-layer transition and for compressible tran-

sition on a cone, respectively. Haynes & Reed (1996) showed that nonlinear

PSE computations agree with swept-wing 
ow experiments (Reibert et al

1996) in that the stationary disturbances distort the mean velocity pro�les

and reach a saturation state (con�rmed with DNS by Joslin & Streett 1994

and Joslin 1995), where as linear N-factor results suggest that the disturbances

continue to grow.

Important to the methodology, a good initial disturbance (�̂; �n;m; !; �) is

required for convergence of the iterative solution procedure. Typically, linear

stability theory can provide the initial disturbance information; however, the

tools of the future will include more of the transition 
ow physics. Hence,

the tools which predict the initiation process for a disturbance{receptivity

theory{could provide the necessary input for PSE theory. This initial informa-

tion could lead to either better correlation criterion for transition (linear use

of PSE) or accurately compute the ampli�cation of disturbances{amplitude-

based transition prediction method.

RECEPTIVITY{THE INGESTION OF DISTURBANCES: Morkovin (1969) is

usually given the credit for coining the phrase{receptivity. Receptivity is the

process by which free-stream turbulence perturbs the boundary layer by pres-

sure disturbances originating at the edge of the boundary layer; theories of

receptivity have not been used for LFC design, yet. However, receptivity tools

which provide the disturbance spectrum and initial amplitudes arising from

a conversion of long-wavelength free-stream disturbances to short-wavelength

boundary-layer instability modes for use by the linear and/or nonlinear evo-

lution modules (e.g., linear stability theory, PSE theory) will inevitably be

an invaluable portion of transition prediction and correlation for future NLF

and LFC design tools. Such capability already exists for the simplest of dis-

turbance initiation processes as described by Bertolotti & Crouch (1992).

3. LAMINAR FLOW CONTROL AIRCRAFT

OPERATIONS

Crucial to maintaining LF in 
ight, the accumulation of ice, insects, or other

debris must be prevented or minimized. Such accumulation would e�ectuate

a surface imperfection and potentially degrade the amount of LF. Where as

anti-icing systems have been operational for many years on the leading edge
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of wings and on nacelles, only limited research results for realistic insect-

prevention systems are available.

3.1. Insect Contamination

The impact of insects on an aircraft is a function of the population density

of insects (or insects per volume) and depends on temperature, moisture,

humidity, local terrain, vegetation, climate, wind speed, altitude, and vehicle

surface shape.

Glick (1939), Coleman (1961), and Croom & Holmes (1985) showed that

the largest density of insects was measured at low altitudes (near the ground),

with the number of insects decreasing rapidly with increased altitude. Recent


ight results of Croom & Holmes (1985) indicated that the largest insect

accumulation occurred near 75oF in 4- to 8-mph winds and rapidly decreasing

in cooler and hotter temperature ranges. These results are consistent with the

early studies of Glick (1939) and Coleman (1961). Coleman (1961) noted that

no consistent correlations for insect population density have been identi�ed for

barometric pressure, humidity, light intensity, precipitation, or the electrical

state of the atmosphere.

Coleman (1961) discussed techniques to either eliminate or prevent insect

contamination. These techniques included (a) mechanical scrapers which

scrape the surface free of insects, (b) de
ectors which either catch the insects

or cause their paths to be de
ected away from the surface, (c) paper cov-

ers which cover the surface until su�cient altitude is reached and the cover

is either released or extracted into the aircraft (leaving a clean surface for

cruise), (d) a cover which is dissolvable by 
uid discharge, removed by a ther-

mal process, or carried away in 
ight by the high shear, and (e) continuous

liquid discharge. For each anti-insect device, a weight and system-complexity

penalty arises.

Of the techniques tested, paper coverings, continuous liquid discharge, and

de
ectors have been demonstrated in 
ight to prevent the loss of LF due to

insects. Gray & Davies (1947) with the King Cobra 
ight test, Head et al

(1955) with the Vampire porous-suction 
ight test, Groth et al (1957) with

the F-94 slot-suction 
ight test, and Runyan et al (1987) with the B-757 NLF


ight test have successfully used the paper-cover concept to protect the test

section from insect accumulation during take-o� and climb. Peterson & Fisher

(1978) and Maddalon & Braslow (1990) with the Jetstar aircraft and Croom

& Holmes (1985) with a Cessna 206 showed that continuous spray could be

e�ective in preventing insect accumulation. And Maddalon & Braslow (1990)

with the Jetstar and Collier (1993) with the B-757 indicated the Krueger

insect shield was e�ective in de
ecting the insects from the LFC test region.
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3.2. Ice Accumulation and Atmospheric E�ects

The accumulation of ice on the leading-edge of wings can signi�cantly alter the

geometry of the wing and cause drag penalty and performance degradation.

Additionally, atmospheric e�ects including gusts, rain, clouds, and pollution

can potentially impact LFC aircraft.

Similar to the non-LFC aircraft, a LFC-type aircraft must account for po-

tential ice-accumulation and prevent such a detrimental and dangerous en-

counter by the use of anti-icing techniques{either by applying heat or by

dispelling anti-freeze agents. The icing issue for NLF and LFC is more of a

system design problem than a technical obstacle to achieving LF.

Concerning atmospheric e�ects, loss of LF had been reported during cloud

encounters for the X-21 (Hall 1964), the F-94 (Groth et al 1957), and the

Jetstar (Maddalon & Braslow 1990) LFC 
ight tests. In a F-14 NLF 
ight

experiment, Anderson & Meyer (1990) showed 
ight data for the that indi-

cated that turbulent bursts were measured during cloud encounters. During

these encounters and loss of LF, the charge patch indicated the presence of

ice particles. In all of the above 
ight experiments, LF was soon re-gained

after emerging from the cloud. Also, LF was maintained in moderately gusty

weather; however, strong atmospheric turbulence levels led to a loss of LF.

Finally, Smith & Higton (1945) reported the impact of rain, dust, 
ies,

and surface-�nish polish on the 
ow were assessed in the King Cobra 
ight

tests. Drag results from dust and water accumulation showed no deviation

compared with smooth clean surface drag measurements.

3.3. Operational Maintenance of Laminar Flow

Laminar 
ow research in the 1940s through the 1960s had di�culty retaining

surface smoothness speci�cations during the day-to-day operations of NLF

and LFC 
ight test aircraft. However, manufacturing techniques have im-

proved for aircraft in the 1990s and operational maintenance problems of the

past are no longer a major concern.

Aside from surface-quality maintenance issues, Meifarth & Heinrich (1992)

presented a list of operational issues related to achieving and maintaining

NLF and LFC. Some of the issues included the need for additional spare

parts and maintenance due to the suction system, uncertainties in the po-

tential contamination due to pollution residue on the structural surface, and

operational planning for suction-system failure. Clearly, the literature attests

to the awareness that an operational plan for an LFC aircraft must account

for many of these issues, and Robert (1992) stated that LFC brings bene�ts

even after the penalties (system and operational) are factored into the costs.
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4. PROGRESS IN THE UNITED STATES

Sections 4 and 5 discuss some of the most signi�cant recent advancements in

LFC technology made in the United States and Europe.

In the 1970s and 1980s, the LFC project (under the NASA Aircraft Energy

E�ciency program) was formed to help improve aircraft cruise e�ciency. The

progression of major NLF projects in the US included various general avia-

tion 
ight tests, F-111, F-14, and B-757 NLF 
ight experiments, LF nacelle

demonstrator 
ight experiments, and advanced airfoil methodology develop-

ment and validation. Results from the NLF 
ight tests showed that LF could

be realized in 
ight to approximately 50% chord for wing sweeps near 10o and

to 20% chord for wing sweeps near 25o; however, the N-factor correlations us-

ing the 
ight data did not collapse to give a su�ciently good design criterion.

Wind-tunnel and 
ight tests using LFC and HLFC technology ensued; some

of the major projects are summarized below.

4.1. Subsonic and Transonic LFC Wind-Tunnel Tests
Toward demonstrating the bene�ts of supercritical wings and LFC, Brooks

& Harris (1987) and Bobbitt et al (1992, 1996) discussed the results of a

transonic slot- and perforated-suction LFC wind-tunnel experiment. Using

wall liners, the in�nite swept wing model had suction capability to 96% chord

on the upper surface and to 85% chord on the lower surface. Brooks & Harris

(1987) noted that, for the slot-suction LFC test, full-chord LF was obtained

on the upper and lower surface for Mach 0.82 and a chord Reynolds number

of 12� 106.

Later in 1995, a NASA/Boeing team conducted a subsonic HLFC wind-

tunnel experiment to determine the in
uence of hole size and spacing and

suction level and distribution on LF extent. The set-up was similar to the

early transonic test in that tunnel liners were used to simulate an in�nite swept

wing. Some 3000 infrared images and 6000 velocity pro�les were gathered

during the test. LF was easily obtained back to the pressure minimum with

su�cient suction. More detailed results are not available for this article.

4.2. Jetstar Leading-Edge Flight Test
In the 1980s, the Jetstar 
ight experiment (Fischer et al 1983; Maddalon &

Braslow 1990) was probably the most signi�cant contribution to the advance-

ment of LFC technology. The Jetstar LFC 
ight test article (illustrated in

Figure 2) addressed LFC leading-edge system integration issues and deter-

mined the practicality of the LFC system in operational environments.

McDonnell Douglas and Lockheed designed and constructed leading-edge

test sections for the right and left wings, respectively, of the Jetstar. Both

test articles had 30o leading-edge sweep, involved 20% of the spanwise extent

of the wings, and had LFC back to the front spar (12% chord). From the end
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of the test article at the front spar,a fairing was used to continue the contours

of the test articles back to 65% chord. The contours were designed to simulate

a supercritical pressure distribution. 
ight conditions ranged from Mach 0.7

to 0.8 and altitudes of 32000 to 40000 ft.

As described by Etchberger (1983) and Lange (1984, 1987), the Lockheed

concept involved the use of slot-suction for the LFC system with slots on both

the lower and upper surface back to the front spar. At the leading-edge, 6 slots

served to control the 
ow during cruise and to provide liquid discharge for the

prevention of insect and ice accumulation. Reported by Pearce (1982), Pearce

et al (1984), and Powell (1987), the Douglas concept involved an electron-

beam perforated titanium skin. Suction was applied from just below the

attachment-line back to the front spar. A Krueger device was used at the

leading edge to de
ect insects; a spray nozzle system was appended to the

Krueger device to prevent both insects and ice accumulation. The backup

system was never used during the 
ight test.

Using the Douglas LFC system and a Gaster bump on the leading-edge,

LF was observed back to 83% of the article length for the design conditions.

Shown in Figure 3, LF was realized back to 97% for an o�-design condi-

tion. With a leading-edge bump, the Lockheed test article achieved com-

parable amounts of LF. Also, because the Krueger device prevented insect-

accumulation on the test section, liquid discharge was not necessary for the

Douglas system. Davis et al (1986, 1987) discussed the e�ect of cloud en-

counters on the LF extent in the 
ight test program. Shown in Figure 3, a

degradation of the 
ow was observed during a cloud encounter; however, full

LF was regained within a few seconds after the cloud encounter.

Finally, Powell (1987) discussed the LFC technological accomplishments

resulting from the Jetstar program (for Douglas). Electron-beam perforated

suction surface fabrication, simpli�ed LFC suction panel construction, and a

retractable leading-edge Krueger device and TKS insect/ice prevention sys-

tem were devised and/or demonstrated on the Jetstar. The Jetstar program

demonstrated that LFC could be operated in an airline-type environment

without any special maintenance considerations (Maddalon & Braslow 1990).

4.3. B-757 HLFC Flight Test
Following the NASA Jetstar LFC 
ight test, the B-757 HLFC 
ight test (Fig-

ure 4) proceeded to increase the LFC technology readiness and increase the

application Reynolds number. A spanwise segment of the leading-edge box

outboard of the engine nacelle pylon and on the left wing was replaced with a

perforated titanium HLFC leading-edge system. The leading-edge consisted

of a fully integrated Krueger insect shield and a thermal de-icing system.

Flights tested in 1990 and 1991 led to the achievement of LF using HLFC

suction. Sample results shown in Figure 4 (Collier 1993) indicate that ap-
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proximately 65% chord LF was measured in 
ight. Drag calculations yielded

a local drag reduction on the order of 29% using HLFC and a projected overall

drag reduction of 6% for the aircraft.

4.4. HLFC Nacelle Demonstration Flight Test
Bhutiani et al (1993) discussed a subsequent 
ight test to demonstrate LF

bene�ts for HLFC nacelle applications. A production GEAE CF6-50C2 en-

gine nacelle modi�ed to incorporate two HLFC panels was installed on the

starboard wing of an Airbus A300/B2 transport. As discussed by Collier

(1993), the HLFC concept was extremely e�ective over the range of cruise

altitudes and Mach numbers tested, resulting in LF to 43% of the nacelle

length (the design objective) independent of altitude. In addition, signi�cant

LF was achieved at various altitudes with no suction.

4.5. High-Speed Civil Transport
Concerning the application of LFC to supersonic transport aircraft, two fun-

damental approaches were posed for the supersonic laminar wing. The �rst

approach was a low-sweep wing which involved the design of a NLF leading-

edge region. As discussed by Gottschalk (1996), such a concept proposed

by Northrop-Grumman would have a sharp supersonic leading edge and re-

sult in a thin attachment-line boundary layer and very small momentum-

thickness Reynolds number. Such a 
ow should be stable and avoid the tur-

bulent attachment-line issue. Cross
ow disturbances could be avoided with

low sweep, and, with appropriate wing shaping, a partially NLF 
ow wing

could potentially be achieved. LFC (suction or thermal) would be required

on the roof-top of the wing to extend the region of LF to high chord Reynolds

numbers. In contrast to the low-sweep concept, the second approach would

involve a high-sweep wing. The highly swept wing would have a subsonic lead-

ing edge, a blunt nose, and higher momentum thickness Reynolds number and

therefore require LFC in the leading-edge region and on the roof-top to control

the CF disturbances and achieve a large LF extent. With the later approach,

feasibility studies (Boeing 1990; Powell et al 1989) showed signi�cant perfor-

mance bene�ts of supersonic LFC applied to the HSCT con�guration. Based

on large potential bene�ts, quiet wind-tunnel research was initiated at NASA

Langley and Ames Research Centers to advance the state-of-the-art in the

wind-tunnel testing of SLFC and F-16XL SLFC 
ight tests were carried out

to demonstrate the LFC concept in supersonic 
ight.

M3.5 AND M1.6 QUIET-TUNNEL TESTS: Conventional supersonic and hyper-

sonic wind tunnels are dominated by acoustic disturbances radiated from the

turbulent boundary layers on the tunnel walls. To study LF (i.e., transition,

boundary-layer instability, and LFC), the test section in the tunnel must have
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very low disturbance levels (de�ned as free-stream pressure 
uctuations be-

low 0.1%). Wilkinson et al (1992) gave a review of low-disturbance (or quiet)

tunnel technology.

Beckwith et al (1988) discussed a method to maintain a test section free

from acoustic disturbances, which culminated in the Mach 3.5 supersonic low-

disturbance tunnel (SLDT) at NASA Langley Research Center. The nozzle

throat is highly polished to maximize the extent of LF on the nozzle walls. In

the upstream converging section of the tunnel, suction was used to remove the

turbulent boundary layer on the contraction wall upstream of the throat. The

fresh laminar boundary layer evolves through the contoured nozzle until the

boundary layer transitions to turbulence. The location of this transition point

governs the length of the low-disturbance test-section rhombus and is directly

in
uenced by the unit Reynolds number of the 
ow. As the unit Reynolds

number increases, the size of the quiet test-section rhombus decreases; how-

ever, the Reynolds number based on the length of the quiet test core increases.

Run times for the tunnel are on the order of 30 minutes.

In support of the F-16XL SLFC 
ight experiment, models were developed

for the Langley quiet tunnel to calibrate the design tools for NLF and LFC and

to study attachment-line transition. Cattafesta et al (1994, 1996) discussed

temperature sensitive paint (TSP) transition measurements and the transition

locations for the solid model. The calculated N-factors correlated well for

N=14 over a range of free-stream unit Reynolds numbers and angle-of-attacks

for the solid model. A SLFC perforated-suction model was built and tested

for the quiet tunnel but the results are not available for this article.

At NASA Ames Research Center, a Mach 1.6 laminar-
ow supersonic wind

tunnel (LFSWT) has features which include a low-disturbance settling cham-

ber, smooth nozzle and test section walls for LF, steady supersonic di�user


ow, and low structural vibration of nozzle and test section walls. Wolf et

al (1994) presented results for 
ow quality and tunnel transition aspects of

the Mach 1.6 quiet tunnel. No SLFC tests were performed as of this article;

however, fundamental studies of attachment-line transition were performed in

the tunnel (Coleman et al 1996).

F-16XL SLFC FLIGHT TESTS: Two General Dynamics F-16XL aircraft (XL

has delta wings) served as test beds to demonstrate the �rst ever achievement

of LF in supersonic 
ight using LFC. The F-16XL wings had inboard sweep

of 70o and outboard sweep of 50o, similar to the proposed HSCT wing con�g-

uration. NASA and Rockwell carried out 
ight tests using the F-16XL Ship

1, and NASA, Rockwell, Boeing, and McDonnell Douglas carried out 
ight

tests using the F-16XL Ship 2.

The 
ight test program began in 1990. According to Woan et al (1991),

Anderson & Bohn-Meyer (1992), and Norris (1994), the suction glove on the F-

16XL Ship 1 was designed for a Mach number of 1.6, altitude of 44000 ft, angle
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of attack of 2o, momentum thickness Reynolds number on the attachment line

of less than 114, and a unit Reynolds number of 2:53� 106/ft. Suction was

limited to the �rst 25% chord and attachment-line CF disturbances were the

primary focus of the LFC experiment (Figure 5).

Although no LF was observed at the design conditions, LF was measured

at other 
ight conditions. Anderson & Bohn-Meyer (1992) show in our Figure

5 the amount of LF with and without suction for a given 
ight test condition;

hot-�lm data indicated LF to the outboard portion of the glove. Woan et al

(1991) noted that the weakest area in the design procedure was estimating

the attachment-line condition.

In 1991-92, 
ight measurements were obtained for the 
ow on the F-16XL

Ship 2 leading-edge passive glove. The 
ight tests with the passive glove

provided pressure and LF data valuable for the design of the Ship 2 suction

glove.

The Ship 2 SLFC perforated-suction glove was constructed of inner and

outer titanium (perforated) skin with aluminum stringers. According to Fis-

cher & Vemuru (1991), the F-16XL-2 SLFC 
ight experiment had objectives

of achieving 50%-60% chord LF on a highly swept wing, of delivering validated

CFD codes and design methodology, and of establishing initial suction system

design criteria for LFC at supersonic speeds. The suction glove was installed

on the F-16XL Ship 2 and the �rst suction-on LFC supersonic 
ight test was

accomplished in January 1996. Smith (1996) noted that the Ship 2 supersonic

LFC 
ight experiment achieved about 70%-80% of the initial goals; however,

more detailed results are not available for this article.

5. PROGRESS IN EUROPE

According to Bulgubure & Arnal (1992), NLF and LFC programs began in

France in 1984. These NLF and LFC programs were sparked by the successful

results demonstrated in the US. In 1989, a formal LF program{the European

Laminar Flow Investigation (ELFIN) project{ was initiated with participation

by industry, government research laboratories, and universities. The ELFIN

project concentrated on the development of LF technology for application to

commercial transport aircraft.

5.1. Dassault Falcon 50 HLFC Flight Tests
Before the formation of ELFIN, the Falcon 50 (business-type) HLFC 
ight

tests aimed to show the feasibility of HLFC in the 3D region near the fuselage

and to show that LF could be realized for a 35o swept wing (30o with slide

slip) for 
ight Reynolds numbers ranging from 12 � 20 � 106 (Bulgubure &

Arnal 1992; Courty et al 1993). The perforated stainless steel HLFC system

had suction aft to 10% chord on the upper surface and TKS anti-icing/insect-
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contamination avoidance in the leading-edge of the wing. A Gaster (1965)

bump was positioned at the wing/fuselage junction to prevent attachment-

line contamination. With LFC suction and with the Gaster bump position

at 300 mm from the wing root, signi�cant LF was achieved in 
ight, while

turbulent 
ow was measured with no suction.

5.2. HLFC Transonic Wind-Tunnel Tests
Reneaux & Blanchard (1992) discussed the design and testing of an Airbus

transport HLFC swept wing model in the ONERA-CERT T2 wind tunnel.

Suction was applied from the leading edge back to 20% chord and a favorable

pressure gradient was maintained back to 60% chord on the upper surface

and 55% chord on the lower surface. For transonic 
ow and at a maximum

chord Reynolds number of 42 � 106, the computed LF extent ranged from

25% chord at the wing root to 55% chord at the wing tip using suction. The

computed viscous (total) drag of the HLFC wing was 45% (10%) less than

the turbulent wing, and suction on the upper surface alone led to a viscous

(total) drag reduction of 29% (6.3%).

Based on the successful VFW-614 and Fokker 100 NLF 
ight tests, a 1/2-

scale model of an HLFC VFW-614 wing was built in 1992 for the French S1MA

transonic tunnel (Schmidt et al 1993). The titanium outer skin had perforated

holes covering about 15% chord on both the upper and lower surface. The

results showed that LF was achieved to 50% chord on the upper surface and

to 30% chord on the lower surface.

5.3. European HLFC Nacelle Demonstration Flight Test
In 1992 and 1993, a program was initiated to investigate the prospects of

achieving extensive LF on the engine nacelles (Barry et al 1994) using the

VFW-614/ATTASaircraft. The HLFC nacelle included a TKS anti-icing/anti-

insect system (Humphreys 1992). The nacelle was designed to meet accept-

able low-speed performance characteristics (not installed design) for takeo�

and landing. The 
ight test demonstrated that LF 
ow was achievable over

60% of the nacelle length in the installed environment over a large range of


ight conditions. The liquid insect-avoidance system was operated success-

fully during the course of the 
ight testing.

5.4. A320 Laminar Fin Flight Test Program
Airbus Industries in collaboration with ONERA and DLR formulated a plan

to enable LFC capability for subsonic transport aircraft. The vertical �n of

the A320 aircraft was chosen as the candidate for evaluation of the feasibility

of HLFC because of the availability of an aircraft for 
ight testing, simple

installation, no de-icing system, attainment of 
ight Reynolds number in a



AIRCRAFT LAMINAR FLOW CONTROL 21

wind-tunnel facility (S1MA), and minimized cost (Robert 1992; Thibert et al

1990).

Analysis of a proposed HLFC A320 vertical tail indicated that LF was ex-

pected to about 50% chord. Further analysis of the computed results revealed

that 1.0%-1.5% aircraft drag reduction was possible with LF on the vertical

�n. The second phase of the program involved the testing of a 1/2-scale HLFC

A320 vertical �n in the ONERA S1MA facility. According to Birch (1996),

the development of the A3XX program at Airbus has allowed for the success

of the A320 LFC �n program by requiring the power plants of the A3XX to

be positioned closer to the wing and for suction LFC nacelles. No additional

results are available for this article.

6. DISCUSSION

This article has reviewed some of the early foundational work on LFC and

some of the more recent US and European projects which had goals of solv-

ing technical obstacles associated with the application of LFC to advanced

transport aircraft.

The 1980s and 1990s brought the successful demonstration of an LFC air-

craft (Jetstar) in airline operations and with insect-prevention systems, the

achievement of LF at high Reynolds numbers (B-757 HLFC 
ight test), the

achievement of LF on an HLFC engine nacelle (A300/GE test and VFW-614),

and various successful LFC wind-tunnel tests. In the supersonic vehicle class,

the 1990s brought the �rst 
ight demonstration of LF achieved by supersonic

laminar 
ow control (SLFC).

The technology has the potential to o�er breakthrough improvements in

aircraft e�ciency, leading to signi�cant reductions in aircraft fuel consumption

and take-o� gross weight, extended range or increased payload, reductions in

emissions and noise, and increased cruise lift/drag.

Much progress has been accomplished toward the goal of commercial incor-

poration of LFC (and NLF) on wings, tails, and engine nacelles. However,

because the application of the technology has led to additional systems and

some uncertainty in the maintenance requirements and long-term structural

integrity due to the system, there are still questions which must be resolved rel-

ative to long-term operational and reliability characteristics of current HLFC

concepts before the aircraft industry can guarantee the sustained performance

of the LFC vehicle to the airline customers. Finally, signi�cant additional ben-

e�ts could be bought with LFC if new innovative suction-systems (reduced

part-count and distributed arrays) could be developed and tested. Such fu-

turistic concepts can be found in the embryonic technologies of active 
ow

control.

ACKNOWLEDGMENTS The author acknowledges Scott G Anders, Dennis



AIRCRAFT LAMINAR FLOW CONTROL 22

M Bushnell, Fayette S Collier Jr, Michael C Fischer, Jerry N Hefner, Dal

V Maddalon, William L Sellers III, and Michael J Walsh, NASA Langley

Research Center; Paul L Johnson, The Boeing Company, Feng Jiang and Art

Powell, McDonnell Douglas Company for reviewing this manuscript.

Literature Cited

Anderson BT, Bohn-Meyer M. 1992. Overview of supersonic laminar 
ow control
research on the F-16XL ships 1 and 2. SAE Pap. 921994

Anderson BT, Meyer RR, Jr. 1990. E�ects of wing sweep on boundary-layer tran-
sition for a smooth F-14A wing at Mach numbers from 0.700 to 0.825. NASA
TM 101712

Anscombe A, Illingworth LN. 1952. Wind tunnel observations of boundary-layer
transition on a wing at various angles of sweepback. Br. ARC RM 2968

Arcara PC Jr, Bartlett DW, McCullers LA. 1991. Analysis for the application of
hybrid laminar 
ow control to a long-range subsonic transport aircraft. SAE
Pap. 912113

Arnal D. 1994. Boundary layer transition: Predictions based on linear theory.
AGARD Rep. 793

Arnal D, Habiballah M, Coustols E. 1984. Th�eorie de L'instabilit�e laminaire
et crit�eres de transition en �ecoulement bi-et tridimensionnel. La Recherche
A�erospatiale No 1984-2

Barry B, Parke SJ, Brown, NW, Riedel H, Sitzmann M. 1994. The 
ight testing of
natural and hybrid laminar 
ow nacelles. ASME 94-GT-408

Bayly BJ, Orszag SA, Herbert Th. 1988. Instability mechanisms in shear-
ow tran-
sition. Ann. Rev. Fluid Mech. 20: 359-91

Beckwith I, Chen F, Malik M. 1988. Design and fabrication requirements for low-
noise supersonic/hypersonic wind tunnels. AIAA Pap. 88-0143

Bertolotti FP. 1992 Linear and nonlinear stability of boundary layers with streamwise
varying properties. PhD Thesis. Columbus, OH: Ohio State Univ.

Bertolotti FP, Crouch JD. 1992. Simulation of boundary-layer transition: receptivity
to spike stage. NASA CR 191413

Bhutiani PK, Keck DF, Lahti DJ, Stringas MJ. 1993. Investigating the merits of a
hybrid laminar 
ow nacelle. The Leading Edge, Gen. Electric Co Rept., Spring,
pp. 32-35

Birch S. 1996. Technology update: Aerospatiale looks to the future. SAE Aerospace
Eng., June, pp. 28-30

Bobbitt PJ, Ferris JC, Harvey WD, Goradia SH. 1996. Hybrid laminar 
ow con-
trol experiment conducted in NASA Langley 8-foot transonic pressure tunnel.
NASA TP 3549

Bobbitt PJ, Harvey WD, Harris CD, Brooks CW Jr. 1992. The Langley 8-ft tran-
sonic pressure tunnel laminar-
ow-control experiment. NLF and LFC, pp. 247-
411. New York: Springer-Verlag. 411 pp

Boeing Commercial Airplane Company. 1990. Application of laminar 
ow control to
supersonic transport con�gurations. NASA CR 181917Braslow AL, Maddalon
DV, Bartlett DW, Wagner RD, Collier FS Jr. Applied aspects of laminar-
ow
technology. In Viscous Drag Reduction in Boundary Layers ed. D Bushnell, J
Hefner. 123: 47-78

Braslow AL, Visconti F. 1950. Further experimental studies of area suction for the
control of the laminar boundary layer on a porous bronze NACA 64A010 airfoil.
NACA Tech. Note 2112

Brooks CW, Jr, Harris CD. 1987: Results of LFC experiment on slotted swept
supercritical airfoil in Langley's 8-Foot transonic pressure tunnel. pp. 453-469,
NASA CP 2487

Bulgubure C, Arnal D. 1992. DASSAULT FALCON 50 laminar 
ow 
ight demon-
strator. Proc. Eur. Forum Laminar Flow Tech., 1st, Hamburg, pp. 11-18. Bonn,
Germany: DGLR



AIRCRAFT LAMINAR FLOW CONTROL 23

Burrows DL, Braslow AL, Tetervin N. 1949. Experimental and theoretical studies of
area suction for the control of the laminar boundary layer on a porous bronze
NACA 64A010 airfoil. NACA Tech. Note 1905

Bushnell DM, Tuttle MH. 1979. Survey and bibliography on attainment of laminar

ow control in air using pressure gradient and suction. NASA RP 1035, Vol.1

Buxbaum J, H�ohne G. 1996. Flow measurements of porous titanium suction panels
designed for laminar 
ow control. MS Thesis. Tempe, AZ: Arizona State Univ.

Carmichael BH. 1979. Summary of past experience in natural laminar 
ow and
experimental program for resilient leading edge. NASA CR 152276

Cattafesta LN III, Iyer V, Masad JA, King RA, Dagenhart JR. 1994. Three-
dimensional boundary-layer transition on a swept wing at Mach 3.5. AIAA
Pap. 94-2375

Cattafesta LN III, Moore JG. 1996. Review and application of non-topographic
photogrammetry to quantitative 
ow visualization. AIAA Pap. 96-2180

Coleman CP, Poll DIA, Laub JA, Wolf SWD. 1996. Leading-edge transition on a 76
degree swept cylinder at Mach 1.6. AIAA Pap. 96-2082

Coleman WS. 1961. Roughness due to insects. In Boundary Layer and Flow Control{
Its Principles and Application, ed. GV Lachmann, 2:682-747. New York: Perg-
amon

Collier FS Jr. 1993. An overview of recent subsonic laminar 
ow control 
ight ex-
periments. AIAA Pap. 93-2987

Courty JC, Bulgubure C, Arnal D. 1993. Etudes d'ecoulements laminaires chez
Dassault Aviation: Calculs et essais en vol. AGARD CP 547

Cousteix J. 1992. Basic concepts on boundary layers. AGARD Rep. 786
Croom CC,Holmes BJ. 1985. Flight evaluation of an insect contamination protection

system for laminar 
ow wings. SAE Pap. 850860
Davis RE, Fischer MC, Fisher DF, Young R. 1986. Cloud particle e�ects on laminar


ow in the NASA LEFT program: Preliminary results. AIAA Pap. 86-9811
Davis RE, Maddalon DV, Wagner RD. 1987. Performance of laminar-
ow leading-

edge test articles in cloud encounters. NASA CP 2487, pp. 163-93
Dunn DW, Lin CC. 1953. On the role of three-dimensional disturbances in the

stability of supersonic boundary layers. J. Aero. Sci. 20:577-78
Etchberger FR. 1983. Laminar 
ow control leading edge glove 
ight aircraft modi-

�cation design: Test article development and systems integration. NASA CR
172136

Fischer MC Wright AS Jr, Wagner RD. 1983. A 
ight test of laminar 
ow control
leading-edge systems. NASA TM 85712

Fischer MC, Vemuru CS. 1991. Application of laminar 
ow control to high speed
civil transport { the NASA supersonic laminar 
ow control program. SAE Pap.
912115

Fowell LR, Antonatos PP. 1965. Some results from the X-21A program. Part 2.
Laminar 
ow 
ight test results on the X-21A. AGARDograph 97

Gaster M. 1965. A simple device for preventing turbulent contamination on swept
leading edges. J. Royal Aero. Soc. 69:788-89

Glick PA. 1939. The distribution of insects, spiders, and mites in the air. US Dept.
Agric. Tech. Bull. 673, Washington DC

Goldsmith J. 1955. Critical suction quantities and pumping losses associated with
laminar boundary layer suction through rows of closely-spaced holes. Northrup
Aircraft Inc. Rep. NAI-55-287 (BLC-72)

Goldsmith J. 1957. Critical laminar suction parameters for suction into an isolated
hole or a single row of holes. Northrup Aircraft Inc. Rep. NAI-57-529 (BLC-95)

Gottschalk MA. 1996. Going with the 
ow. Design News, September 9, pp. 23-24
Granville PS. 1953. The calculation of the viscous drag of bodies of revolution. David

Taylor Model Basin Rep. 849
Gray WE, Davies H. 1947. Note on the maintenance of laminar 
ow wings. Br. ARC

RM 2485
Gregory N. 1961. Research on suction surfaces for laminar 
ow. Boundary Layer

and Flow Control{Its Principles and Application, ed. GV Lachmann, 2:924-60.
New York: Pergamon



AIRCRAFT LAMINAR FLOW CONTROL 24

Gross LW, Bacon JW Jr, Tucker VL. 1964. Experimental investigation and theoret-
ical analysis of boundary layer suction on a 30o swept, 12-percent-thick wing in
the NASA Ames 12-foot pressure wind tunnel. Summary of Laminar Bound-
ary Layer Control Research. Section II, Part 2: Experimental Aerodynamics
Investigations at Supersonic Speeds, Chapter A. ASD-TDR-63-554, pp. 96-110,
173-176, 209-232.

Groth EE, Carmichael BH, White RC, Pfenninger W. 1957. Low drag boundary
layer suction experiments in 
ight on the wing glove of a F-94A airplane -
Phase II: Suction through 69 Slots. Northrop Aircraft Inc. Rep. NA1-57-318
(BLC-94)

Groth EE, Pate SR, Nenni JP. 1965. Laminar 
ow control at supersonic speeds.
AGARDograph 97

Hall GR. 1964. On the mechanics of transition produced by particles passing through
an initially laminar boundary layer and the estimated e�ect on the LFC per-
formance of the X-21 aircraft. Northrup Corp., Oct.

Haynes TS, Reed HL. 1996. Computations in nonlinear saturation of stationary
cross
ow vortices in a swept-wing boundary layer. AIAA Pap. 96-0182

Head MR, Johnson D, Coxon M. 1955. Flight experiments on boundary layer control
for low drag. Br. ARC RM 3025

Hefner JN. 1992. Laminar 
ow control: Introduction and overview. In NLF and
LFC, pp. 1-22. New York: Springer-Verlag. 411 pp

Hefner JN, Bushnell DM. 1980. Status of linear boundary-layer stability theory and
the en method, with emphasis on swept-wing applications. NASA TP 1645

Herbert Th. 1991. Boundary-layer transition{Analysis and prediction revisited.
AIAA Pap. 91-0737

Holmes BJ, Obara CJ, Gregorek, GM, Ho�man MJ, Freuhler RJ. 1983. Flight in-
vestigation of natural laminar 
ow on the Bellanca Skyrocket II. SAE Pap.
830717

Holmes BJ, Obara CJ, Martin GL, Domack CS. 1985. Manufacturing tolerances for
natural laminar 
ow airframe surfaces. SAE Pap. 850863

Humphreys B. 1992. Contamination avoidance for laminar 
ow surfaces. Proc. Eur.
Forum Laminar Flow Tech., 1st, Hamburg, pp. 262-69. Bonn, Germany: DGLR

Jones BM. 1938. Flight experiments on the boundary layer. J. Aero. Sci. 5(3):81-94
Joslin RD. 1995. Evolution of stationary cross
ow vortices in boundary layers on

swept wings. AIAA J. 33(7):1279-85
Joslin RD. 1998. Overview of laminar 
ow control. NASA Ref. Pub. In Press
Joslin RD, Streett CL. 1994. The role of stationary cross
ow vortices in boundary-

layer transition on swept wings. Phys. Fluids 6(10):3442-53
Joslin RD, Streett CL, Chang C-L. 1993. Spatial direct numerical simulation of

boundary-layer transition mechanisms: validation of PSE theory. Theor. &
Comput. Fluid Dyn. 4(6):271-88

Kachanov YS. 1994. Physical mechanisms of laminar boundary-layer transition.
Ann. Rev. Fluid Mech. 26:411-82

Lange RH. 1984. Design integration of laminar 
ow control for transport aircraft.
J. Aircraft 21(8):612-17

Lange RH. 1987. Lockheed laminar-
ow control systems development and applica-
tions. NASA CP 2487, pp. 53-77

Liepmann HW. 1943. Investigations on laminar boundary-layer instability and tran-
sition on curved boundaries. NACA CR 3H30

MacManus D, Eaton J. 1996. Micro-scale three-dimensional Navier-Stokes investi-
gation laminar 
ow control suction hole con�gurations. AIAA Pap. 96-0544

MacManus DG, Eaton JA, Barrett RV, Rickards J, Swales C. 1996. Mapping the

ow �eld induced by a HLFC perforation using a high resolution LDV. AIAA
Pap. 96-0097

Maddalon MD, Braslow AL. 1990. Simulated-airline-service 
ight tests of laminar-

ow control with perforated-surface suction system. NASA TP 2966

Malik MR. 1982. COSAL-A black box compressible stability analysis code for tran-
sition prediction in three-dimensional boundary layers. NASA CR 165925



AIRCRAFT LAMINAR FLOW CONTROL 25

Malik MR. 1987. Stability theory applications to laminar -
ow control. NASA CP
2487, pp. 219-44

Masad JA. 1996. E�ect of surface waviness on transition in three-dimensional
boundary-layer 
ow. NASA CR 201641

Meifarth KU, Heinrich S. 1992. The environment for aircraft with laminar 
ow
technology within airline service. Proc. Eur. Forum Laminar Flow Tech., 1st,
Hamburg, pp. 251-55. Bonn, Germany: DGLR

Meitz HL, Fasel HF. 1994. Navier-Stokes simulations of the e�ects of suction holes
on a 
at plate boundary layer. AGARD CP 551

Morkovin MV. 1969. On the many faces of transition. In Viscous Drag Reduction,
ed. CS Wells. New York:Plenum

Norris G. 1994. Laminar 
ow control{Smooth and supersonic. Flight Int.
145(4421):32-33

Pearce WE. 1982. Progress at Douglas on laminar 
ow control applied to commer-
cial transport aircraft. ICAS Congr./AIAA Aircraft Syst. & Tech. Conf., 13th,
Seattle, 2:811-17.

Pearce WE., McNay DE, Thelander JA. 1984. Laminar 
ow control leading edge
glove 
ight test article development. NASA CR 172137

Peterson JB Jr, Fisher DF. 1978. Flight investigation of insect contamination and
its alleviation. NASA CP 2036, pp. 357-63

Pfenninger W, Gross L, Bacon JW, Jr. 1957. Experiments on a 30o swept 12%-thick
symmetric laminar suction wing in the 5-ft by 7-ft Michigan tunnel. Northrop
Aircraft Inc. Rep. NAI-57-317 (BLC-93)

Pfenninger W. 1965. Some results from the X-21A program. Part 1. Flow phenomena
at the leading edge of swept wings. AGARDograph 97

Poll DIA, Danks M, Humphreys BE. 1992. The aerodynamic performance of laser
drilled sheets. Proc. Eur. Forum Laminar Flow Tech., 1st, Hamburg, pp. 247-
77. Bonn, Germany: DGLR

Powell AG. 1987. The right wing of the L.E.F.T. airplane. NASA CP 2487, pp.
141-161

Powell AG., Agrawal S, Lacey TR. 1989. Feasibility and bene�ts of laminar 
ow
control on supersonic cruise airplanes. NASA CR 181817

Pruett CD, Chang C-L. 1995. Spatial direct numerical simulation of high-speed
boundary-layer 
ows. Part II: Transition on a cone in Mach 8 
ow. Theor. &
Comput. Fluid Dyn. 7(5):397-424

Reed HL, Saric WS. 1989. Stability of three dimensional boundary layers. Ann. Rev.
Fluid Mech. 21:235-84

Reed HL, Saric WS, Arnal D. 1996. Linear stability theory applied to boundary
layers. Ann. Rev. Fluid Mech. 28:389-428

Reibert MS, Saric WS, Carrillo RB Jr, Chapman KL. 1996. Experiments in nonlin-
ear saturation of stationary cross
ow vortices in a swept-wing boundary layer.
AIAA Pap. 96-0184

Reneaux J, Blanchard A. 1992. The design and testing of an airfoil with hybrid
laminar 
ow control. Proc. Eur. Forum Laminar Flow Tech., 1st, Hamburg,
pp. 164-74. Bonn, Germany: DGLR

Robert J-P. 1992. Hybrid laminar 
ow control{A challenge for a manufacturer. Proc.
Eur. Forum Laminar Flow Tech., 1st, Hamburg, pp. 294-308. Bonn, Germany:
DGLR

Runyan LJ, Bielak GW, Rehbahani R, Chen AW, Rozendaal R. 1987. 757 NLF glove

ight test results. NASA CP 2487, pp. 795-818

Saric WS. 1985. Laminar 
ow control with suction: Theory and experiment.
AGARD Rep. 723

Schlichting H. 1932. �Uber die Enstehung der Turbulenz bei der Plattenstr�omung.
Math. Phys. Klasse, pp. 160-198

Schmitt V, Reneaux J, Priest J. 1993. Maintaining laminarity by boundary Layer
control. 1992 Sci. Tech. Act., ONERA, March, pp. 13-14

Schubauer GB, Skramstad HK. 1947. Laminar boundary layer oscillations and sta-
bility of laminar 
ow. J. Aeron. Sci. 14(2):69-78



AIRCRAFT LAMINAR FLOW CONTROL 26

Schwab U. 1992. Electron beam drilled holes for laminar 
ow control. Proc. Eur.
Forum Laminar Flow Tech., 1st, Hamburg, pp. 270-73. Bonn, Germany: DGLR

Smith AMO. 1956. Transition, pressure gradient, and stability theory. Int. Congr.
Appl. Mech. Brussels, pp. 234-44

Smith AMO, Gamberoni, N. 1956. Transition, pressure gradient, and stability the-
ory. Douglas Aircraft Co. Rep. ES-26388

Smith BA. 1996. Laminar 
ow data evaluated. Avi. Week & Space Tech., October
7, 1996, p. 30

Smith F, Higton DJ. 1945. Flight tests on King Cobra FZ.440 to investigate the
practical requirements for the achievement of low pro�le drag coe�cients on a
low drag aerofoil. Br. ARC RM 2375

Srokowski AJ, Orszag SA. 1977. Mass 
ow requirments for LFC wing design. AIAA
Pap. 77-1222

Thibert JJ, Reneaux V, Schmitt V. 1990. ONERA activities in drag reduction.
Congr. Int. Council Aeron. Sci., 17th, pp. 1053-64

Tollmien W. 1926. �Uber die Entstehung der Turbulenz. Mathematisch Physikalischa
Klasse, pp. 21-44

Tuttle MH, Maddalon DV. 1993. Laminar 
ow control (1976-1991){A comprehen-
sive, annotated bibliography. NASA TM 107749

van Ingen JL. 1956. A suggested semi-empirical method for the calculation of the
boundary layer transition region. Univ. Delft Rep. VTH-74, Delft, The Nether-
lands

Wagner RD, Maddalon DV, Bartlett DW, Collier, FS Jr. 1988. Fifty years of laminar

ow 
ight testing. SAE Pap. 881393

Whites RC, Sudderth RW, Wheldon WG. 1966. Laminar 
ow control on the X-21.
Astron. & Aeron. 4(7):38-43

Wilkinson SP, Anders SG, Chen FJ, Beckwith IE. 1992. Supersonic and hypersonic
quiet tunnel technology at NASA Langley. AIAA Pap. 92-3908

Woan CJ, Gingrich PB, George MW. 1991. CFD validation of a supersonic laminar

ow control concept. AIAA Pap. 91-0188

Wolf SWD, Laub JA, King LS. 1994. Flow characteristics of the NASA-Ames lam-
inar 
ow supersonic wind tunnel for Mach 1.6 operation. AIAA Pap. 94-2502

Zalovcik JA, Wetmore, JW, von Doenho� AE. 1944. Flight investigation of
boundary-layer control by suction slots on an NACA 35-215 low-drag airfoil
at high Reynolds numbers. NACA Adv. Con�d. Rep. 4B29.



AIRCRAFT LAMINAR FLOW CONTROL 27

Figure 1 Schematic of NLF, LFC, and HLFC concepts for wing (Collier 1993). Dia-

grams show suction locations and surface pressure coe�cient (Cp) versus chordwise

extent (x=c).

Figure 2 NASA Jetstar leading-edge 
ight test aircraft (Fischer et al 1983).
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Figure 3 Typical LF extent with time for Douglas perforated-suction test

article (Wagner et al 1992).

Figure 4 B-757 hybrid laminar 
ow control (HLFC) test article and sample

laminar 
ow results (Collier 1993).
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Figure 5 F-16XL Ship 1 with perforated-suction glove and laminar 
ow extent

with and without suction (Anderson & Bohn-Meyer 1992).


